Frictional properties of soft elastomers have been in question for over half of a century. Early studies [1] [2] [3] on natural rubber originated for the sole purpose of tabulating properties for bulk consumer applications, such as viscoelastic adhesives, 4 ,5 tires, 6 and windshield wipers, 7, 8 to name a few. Empirical tabulation of frictional properties persisted until the early 1950's, when Roth et al. 9 and Thirion 10 began experiments towards a fundamental understanding of rubbery sliding. Quantitative physical analysis began with the observation that the classic Coulombic laws obeyed consistently at rigid body interfaces fail at the interface between a rigid solid and a rubber. Even today, there remains an incomplete understanding of the molecular level parameters that control the frictional behavior of elastomeric surfaces. With this chapter, we explore the historical developments in elastomeric friction and discuss the evolution of an unresolved triborheological complexity. We work from an initial macroscopic perspective toward a microscopic one that describes dissipation process in terms of molecular phenomena at frictional contacts. Readers are urged to consider a competition between these molecular processes, where for soft matter, internal cohesion is comparable to interfacial adhesion. While cohesion may dominate adhesion, or visa versa, we develop a picture for elastomeric friction that encompasses both.
Early Elastomeric Friction Studies
Early studies by Papenhuyzen, 11 as well as Roth et al.., 9 showed that the friction force of commercial rubbers on steel increases monotonically with velocity. Beyond a certain velocity, however, sliding becomes unstable and the rubber sample "chatters", or exhibits stick-slip sliding. Thirion 10 , on the other hand, observed that the friction increases with normal load, which Schallamach 12, 13 attributed to the increase of contact area resulting from the deformation of rubber asperities. Similar suggestions were made by Bowden and Tabor. 14 Assuming the asperities are hemispheres in Hertzian contact with smooth glass, Schallamach predicted that friction should increase with load in a power law manner, with an exponent of two third. Indeed, this prediction was verified over a limited range of loads. However, Schallamach did not immediately address a crucial implication of his prediction: that the friction force should increase with modulus! If frictional force were to depend on contact area, a softer (lower modulus) material would have a greater contact area at any load, thus exhibiting higher friction, which was contrary to several experimental observations. He moved on to examine the effects of velocity and temperature 19 on rubber friction. As temperature increases, the frictional force decreases. Alternatively, at a given temperature, the friction force increases with sliding velocity. Schallamach showed that the velocity-and temperature-dependent behavior of rubber friction follows Eyring's 15 theory of reaction rates. However, when this activation theory is applied to explain elastomeric friction, interfacial sliding can be described by both tribological (interfacial) and rheological (bulk material) models. While the formation and breakage of adhesive molecular bonds occur at the contact interface, viscoelastic molecular relaxation of the stressed molecules constitutes an internal friction component within the bulk elastomer, i.e. the friction associated with the molecules sliding along themselves. Resolving the respective contribution of each dissipative process to the overall friction remains an ongoing challenge that represents the triborheological complexity.
While Schallamach focused on the molecular processes at the interface, Greenwood and Tabor   16 as well as Bueche and Flom 17 pointed out that the energy of sliding a soft viscoelastic material over a rigid substrate is not spent entirely in breaking molecular contacts at the interface, but at least partially on deforming the soft material. The notion that friction might be a combination of surface and bulk effects prompted Grosch 18 to perform the most systematic study in the field to date. He measured the effects of velocity, temperature, and surface roughness for rubber sliding on optically smooth glass. Grosch observed that the rubber friction increases nonlinearly with velocity, much like the shear thinning behavior of high viscous polymers. Above a certain critical velocity, the friction force exhibits a stick-slip behavior with the maximum friction in each pulse decreasing with velocity. Furthermore, at each sliding velocity, friction decreases with increasing temperature. Grosch collapsed his friction-rate isotherms into a single master curve using the well-known Williams, Landel and Ferry
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(WLF) superposition principle, which is pervasive in bulk rheology. His most intriguing finding was that the velocity corresponding to maximum friction and the frequency corresponding to maximum viscoelastic loss form a ratio that is nearly constant (~7 nm) for various rubbery materials. He asserted that the interfacial relaxation processes responsible for friction are related to the segmental relaxation of polymer chains. With this, he initiated a debate that continues today: whether the origin of elastomeric friction lies in interfacial adhesion or viscous relaxation of the bulk elastomer.
The critical length of 7 nm represents a molecular length, presumably the characteristic length for molecular jumps in an adhesive picture for sliding friction, or alternatively, the length scale for viscoelastic relaxation in the bulk elastomer. For rough surfaces, the relevant length scale was found to be the characteristic spacing between surface asperities. Grosch's general observations of the dependence of friction on velocity and temperature were also supported by Extrand et al. 8 , who examined the more practical geometry of sharp rubber edges against rigid surfaces. Extrand et al. noted that the coefficient of friction depends strongly on the local load and the results are dependent on the surface preparation, i.e. chlorination of natural rubber, which may effect both the viscoelastic moduli and the interfacial adhesion.
Prompted by Grosch's observations, Schallamach 20 refined his model of interfacial friction, since a prediction of a monotonic dependence of friction on velocity was insufficient. He maintained that unlubricated sliding on smooth surfaces is essentially adhesive in nature, mediated by separate bonding and debonding events between the rubber and the rigid surface, depicted in Figure 1 . . In this model, the probability of debonding a polymer chain from a surface is a product of two functions, the first being the frequency factor that increases exponentially with the applied force, and the second being the number of load-bearing chains that decreases with velocity. The solution of the kinetic rate equation resulting from such considerations, leads to an expression for the debonding force that increases with velocity, while the number of the load-bearing polymer chains (Σ) decreases ( Figure 2 ). The net effect is that the total interfacial stress at first increases with velocity, reaches a maximum, and thereafter decreases with velocity. 
Stochastic Adhesive Model
where Σ o is the areal density of the load bearing chains at zero velocity, 
Here, δ(z) represents Dirac's delta function corresponding to the determinate process of forced break-off, and θ(z) is the Heaviside step function. With the above definitions of the bond lifetime and the transition probability, Equation 1 can be integrated for simple Gaussian polymer chains, the elastic energy of which is proportional to the square of the extension. Shear stress can then be expressed as follows:
where m is the fundamental ratio of the lifetimes of the polymer chain in the free and bound states at zero sliding velocity, s is the ratio of the viscous retardation time over the lifetime at rest and u is the dimensionless velocity of sliding defined by Equation 5 ,
where τ o is the lifetime of the bound state at rest, δ is the average distance between the polymer body and the wall, and a is the statistical segment length of the polymer. a σ is defined by Equation 6.
F R is the Flory radius of the polymer chain. Equation 4 predicts that the shear stress first increases with velocity in an s-shaped manner. After exhibiting a rather broad maximum, σ usually decreases at very high sliding velocities. Figure 2 . The left figure qualitatively depicts the behavior of the areal density of contact points and the force per adsorption point as a function of velocity. The former decreases, while the latter increases up to a value limited by the interaction strength between the polymer chain and the countersurface. The product of these two quantities yields the shear stress, which increases and subsequently decreases, depicted on the right. Adapted from reference 21 .
Viscoelastic Perspective: Contributions from internal friction Tabor   25 suggested that even seemingly adhesive sliding could never be purely adhesive. Savkoor 24 proposed a hybrid model, in which the interface consists of discrete patches of asperities of molecular dimensions in adhesive contact with the rubber surface. When a shear force is imposed, the patch stores elastic energy until it overcomes the adhesive energy, causing the propagation of a shear crack. Again, these early models neglected the inherent viscous attributes of elastomers. According to Savkoor 28 as well as Ludema and Tabor, 25 sliding may proceed by an activated process, but the extent to which the two surfaces come into contact depends on modulus and sliding velocity. Hidden in more macroscopic terms, these approaches of Savkoor 24 and Ludema and Tabor   25 are similar to the model of Schallamach, 20 where the activated nature of the sliding process is still attributed to adhesive debonding.
An activated sliding process does not necessarily identify friction as adhesion dominated. A realistic picture of the contact interface must also consider the viscoelastic nature of the elastomer during the shear process, which from a microscopic perspective involves intermolecular sliding. Intermolecular sliding is an activated relaxation process that can also be described with the Erying model discussed above. Its related local force, i.e., internal friction, is strongly intertwined with the cohesive forces within the bulk elastomer. Considering now both, the intermolecular relaxation in the polymer "bulk" system due to shear, and the adhesive bonding-debonding process, elastomeric friction can be considered a tribo-rheological process. If the adhesive force, F adh , exceeds the cohesion force, F coh , the contact undergoes cohesive yield, i.e., "bulk" polymer relaxation properties dictate friction, and visa versa. In addition, it has to be pointed out that the two processes possess specific characteristic time scales. Thus, depending on the experimental time window, i.e., the scan velocity, a loss spectrum analysis based on friction-velocity isotherms can be sensitive to either of the two proceses, or both.
When the time scale of the driven surface is much slower than the response time of the material, the contact ages prior to a virtual jump of the driven surface. In this regime, friction may actually increase as velocity decreases because the net adhesion force is proportional to the contact aging time. On the other hand, when the scan velocity is much faster than the interface can respond, the surfaces do not easily slide relative to each other. Instead, the surfaces start peeling locally and detachment waves propagate throughout the entire area of contact, from its advancing to the trailing edge. Schallamach 26 first discovered these waves at high sliding velocities. Roberts and Jackson 27 suggested that when such instabilities occur, the frictional stress between surfaces can be described in terms of the wavelength (Λ) of the Schallamach instability and the adhesion hysteresis (∆W), i.e. the energetic difference involved in making and breaking interfacial contacts, as σ = ∆W/Λ. In the region where the experimental time scale is comparable to the characteristic material times, the measured frictional forces are representative of the relevant dissipative mechanisms. However, identifying the dominant friction mechanism requires some characteristic signature for the dissipation process.
In ambient scanning force microscopy (SFM) experiments and computer models, such as molecular dynamic (MD) and Monte Carlo (MC) simulations, molecular scale friction is discussed in terms of mechanical relaxations and internal conformational changes [28] [29] [30] [31] . These studies involved highly structured model systems, which were prepared by either self-assembly or Langmuir-Blodgett techniques 32 . Such mono-or multilayered systems provide convenient access for investigations of molecular-scale dissipation mechanisms; e.g. load induced molecular tilts 28 , and reversible and irreversible conformation changes [28] [29] [30] . Simple frictional models, such as the Tomlinson-Prandtl model 33 , could be tested, and the corrugated molecular surface potential compared to the magnitude of discontinuous molecular stick-slip sliding 29, 31 . The jump-distances were found to be stochastic above a critical sliding velocity, which led to a discussion of molecular friction in terms of fluctuations around discrete attractors 31 . This corresponds to recent theoretical treatments, i.e. creep models that consider barrier-hopping fluctuations of periodic surface potentials with slips occurring at lower energy values than prescribed by the potential barriers. [34] [35] [36] Sills and Overney 37 showed that hindered, or frozen, relaxation states of an amorphous polymer could be activated in the course of a frictional sliding process, and thus, give rise to a barrier-hopping fluctuation not unlike the one observed for highly ordered surfaces. Friction-rate isotherms obtained with a SFM tip on glassy polystyrene could be collapsed to a master curve according to a ramped creep model 34, 35 , Figure 3 , which considers a single asperity sliding over a corrugated surface potential that is biased due to the motion of the driven tip, i.e. the probability of a backwards jump is much lower than for a forward jump. The barrier height becomes proportional to a 3/2-power law in the friction force 34, 35 , which leads to a distorted power-law friction-velocity relationship of 
with thermal noise in the form of the random force, ) (t ξ , where
is the position of the tip on the surface, M is the mass of tip, and β is a linear dampening factor. Equation 7 is based on a sinusoidal surface potential continuously overcome during the course of frictional sliding, which Sills and Overney experimentally determined as 7 kcal/mol on glassy polystyrene. 37 This activated process corresponds directly with the hindered rotation of the phenyl ring side chains about their bond with the backbone, supporting the contribution of intrinsic molecular relaxation to elastomeric friction. In a similar SFM friction study on poly(methyl methacrylate), Hammerschmidt et al.. identified the β relaxation of carboxylate side-chains as the primary dissipation mechanism 38 . In these examples, the effect of adhesion between the silicon tip and polystyrene was negligible. However, it is possible that asperities become coated with elastomer molecules, resulting in a cohesive sliding interface that is chemically indistinct from intrinsic molecular relaxation within the bulk elastomer.
A Discussion in the Light of Adhesive Stochastic Theory
The above models, all of which offer plausible explanations for interfacial friction, have yet to be rigorously tested experimentally. Decoupling the adhesive and cohesive (viscoelastic) contributions to elastomeric friction requires comprehensive experimental designs to access the energetic signatures of dissipation mechanisms, and the use of model elastomeric networks and counter-surfaces. To maintain a constant adhesion force, the elastomeric contacts would have to be chemically similar, while the internal friction component is varied by confining segmental relaxation through crosslinking. 39 On the other hand, holding the cohesive component constant and varying the adhesion requires countersurfaces with different surface energies. Both surfaces have to be free of secondary interactions and robust enough to withstand wide ranges of sliding velocity and temperature, without compromising the ideality of the sliding materials.
Model studies of these types have been initiated by several groups. For example, Brown 40 and Casoli et al.. 41 examined the pull-out of polymer chains from elastomeric networks and the associated friction. Ghatak et al. 42 studied friction of polydimethylsiloxane (PDMS) on some low energy surfaces as a function of molecular weight of the polymer M and the sliding velocity. They noted that friction decreases with molecular weight. However, it should be pointed out that these studies were limited in the range of molecular weight, and irrespective of the critical molecular weight for entanglements M e . Vorvolakos and Chaudhury 21 extended these studies using crosslinked hemispheres of PDMS, in sliding contact with two low energy surfaces: a methyl functional self-assembled monolayer (SAM) of hexadecylsiloxane and a thin film of polystyrene (PS), both of which interact with PDMS via dispersion interactions. Using these simple model systems, they carried out the measurements of adhesion and friction to investigate how the latter depends on surface energy, temperature, velocity, and intercrosslink molecular weight of the elastomer. Contact mechanics measurements in the manner of Johnson, Kendall and Roberts (JKR) yielded the modulus of each network and the works of adhesion when placed in contact with each lowenergy surface, as shown in Table 1 Friction against each surface was measured over a velocity range spanning 10 -7 to 10 -3 m/sec, comparable to the range studied by Reiter et al. 41 . The friction force F divided by the optically measured contact area A yielded the shear stress σ reported in Figure 4 . In all cases, the shear stress increases with velocity up to a certain critical velocity V o , then plateaus or drops at higher velocities. For M < M e , the friction peak intensity decreases and broadens with M. The friction above V o reveals an unstable sliding process, Figure 5a , and the contact area shrinks from adhesive (JKR) to Hertzian, Figure 5b . ). Adapted from reference 21 These observations are qualitatively consistent with the stochastic theory for adhesive dominated friction, discussed above. Consider the inverse relationship between rubber friction and molecular weight in Figure 4 , which has similarly been observed in other melts 43, 44 and grafted polymer chains. 5, 41 From a macroscopic perspective, Ludema and Tabor 25 suggested the relationship between the shear stress σ and the areal density (Σ o ) of the contact points as σ = Σ o f o , where f o is the adhesion force of a single polymer chain. This is similar to the prefactor in the Chernyak-Leonov equation (4) . While Grosch 18 did not systematically consider the modulus, he noted that the shear stress is considerably smaller than that expected of two surfaces in true molecular contact and estimated the true contact area at roughly 10% of the apparent area during sliding. 18 More recent SFM studies suggest that a gross mismatch of interfacial contact is not expected based on roughness considerations. Yet, it is plausible that spontaneous roughening of the interface occurs as a result of elastic instability, which ensues from the competition between van der Waals and elastic forces within the first layer of stretched PDMS chains in contact with the surface. If we consider that the dominant wavelength of such roughening scales with the thickness (δ) of the first layer of the polymer chain, then the density of the load bearing sites should scale as 1/δ 2 (or 1/Na 2 ). In the limit of Rouse dynamics, if one polymer chain remains active in each of the load supporting junctions, one recovers: σ ~G. The shear stress should decrease with the molecular weight owing to the fact that the number of load bearing polymer chains decreases with molecular weight. However, above the entanglement molecular weight, entanglement effects dominate the chain dynamics and σ max becomes nearly independent of molecular weight.
A Discussion in the Light of Molecular Relaxation within the Elastomer
It turns out that by utilizing a molecular description, a cohesive process for frictional dissipation can be argued in favor of an adhesive one. Namely, as the molecular weight is increased (still below M e ) segmental relaxation times increase, indicating that deeper wells in the potential energy landscape restrict the degrees of freedom for molecular motion. For a given sliding velocity (or contact time), the molecules are less effective in dissipating energy internally through relaxation, and in accommodating the interface adhesively. Hence, friction and shear stress can be expected to decrease. Above M e , the segmental relaxation time is essentially invariant with M, thus F and σ max are independent of M. It becomes apparent that the stochastic theory for adhesive dominated friction , applies almost in direct analogy to cohesive friction, by simply redefining f o as the internal friction force per molecule stretched in the contact (as shown in Figure 1 ). The same argument applies for the molecular weight, aerial chain density, modulus, and shear stress. Thus, again we are faced with a tribo-rheological complexity, where a distinction between adhesive and cohesive contributions to elastomeric friction require some characteristic signatures of the dissipation mechanism, e.g. the activation energy, relaxation time, or length scale of the process.
The characteristic signatures of the dissipation process can be determined by the superposition of friction-rate isotherms and from the critical velocity corresponding to the maximum in the friction force. 18, 21, 45 This is illustrated in Figure 6 with superposed frictionvelocity isotherms obtained with SFM measurements on a polystyrene melt. 45 An activation barrier of 81 kcal/mol (3.5 eV) is deduced from the apparent Arrhenius behavior of the thermal a T shift factor in the inset Fig. 6 . The value coincides with the 80-90 kcal/mol activation energy for the α-relaxation process, 46 i.e. the segmental relaxation of the PS backbone. In this case, the activation barrier overcome during the course of frictional sliding corresponds directly with the molecular relaxation within the bulk elastomer.
The friction peak is recognized as an analogue to a spectroscopic peak in the frequency space. 18, 45 It reflects the competition between material and experimental timescales. At low sliding velocities, the contact stress stored in the soft material is capable of relaxing (through internal friction modes) before an asperity can slip to the next contact site. In this region, the friction force increases logarithmically with velocity, which is consistent to an activated molecular relaxation process in the soft material. Above the critical velocity, the probing tip is driven to the next contact site before the material can respond internally through viscoelastic relaxation. Thus with increasing velocity, the tip experiences fewer and fewer dissipative relaxation events per jump, and consequently, the friction force decreases. Hence, molecular scale dynamics can be deduced from local friction measurements. A nanoscopic description of polymer dynamics involves, in general, only two parameters: an internal, or monomeric, friction coefficient and an appropriate macromolecular length scale. 47 Internal friction dictates the degree of local segmental motion, and thus, is responsible for the bulk viscoelastic and relaxation properties of polymeric materials. Grosch 18 and Ludema and Tabor 48 were the first to combine the velocity at the friction peak with the frequency for the maximum viscoelastic loss to deduce a characteristic dissipative length scale. However, with their macroscopic techniques, they could only suspect dissipation through segmental relaxation. With the single asperity SFM approach to elastomeric friction, Sills, Gray and Overney, 45 identified the specific molecular relaxation process activated in frictional sliding on an entangled polystyrene melt. With the velocity at the friction peak V o (T) in Figure 7a and knowledge of the associated relaxation times τ α (T) from dielecrtic spectroscopy, they directly determined the dissipative length scale X d (T) of the α-relaxation in a polystyrene melt via:
The characteristic length of the dissipation process was found to grow from the segmental scale to 2.1 nm, following a power law behavior that is consistent with predictions for cooperative motion during the α-relaxation, Figure 7b . However, in the vicinity of the glass transition, T g = 373 K, dissipation lengths of several tens of nanometers deviate from the above power law behavior, suggesting that long-range processes, i.e. Fischer modes, may couple with the α-relaxation with an apparent non-ergodic time-averaged behavior.
In the inset of Figure 7a , the friction-peak drops sharply as the melt is cooled toward T g , indicating that the number of α-relaxation events per jump decreases with the onset of vitrification. Considering, as discussed above, that frictional dissipation on a glassy polystyrene surface is dominated by the lower energy side-chain relaxation, the attenuation of the α-friction-peak intensity in the crossover regime (T g < T < T c ) reflects a structurally and dynamically heterogeneous phase, with a spatial distribution of dissipation through independent backbone and side-chain relaxations. One would then expect a simultaneous increase in a β-friction peak at a velocity corresponding to the time scale for side chain rotation. Unfortunately, the frequency (i.e. velocity) bandwidth of the SFM is not sufficient to capture the fast rotational peak of the phenyl rings, which would be expected at a velocity on the order of centimeters per second. 
Dissipation due to Decoupling of Adhesive Bonds versus Segmental Relaxations
The work of Vorvolakos and Chaudhury 21 specifically targeted a decoupling of the adhesive and cohesive components of elastomeric friction. The internal friction associated with the elastomer (PDMS hemispheres) was varied through the crosslink density (i.e. molecular weight between crosslinks M c ), and the interfacial adhesion was catered via the surface energy of the counter-faces: a methyl terminated hexadecylsiloxane self-assembled monolayer (SAM) and a thin film of glassy polystyrene (PS). While both surfaces are essentially non-polar, the critical velocity at the friction peak V o differs by almost an order of magnitude between the SAM and PS surfaces (Figure 4 ). On the other hand, V o is independent of the intercrosslink molecular weight, above and below the entanglement weight. Initially, a strong adhesive contribution is suspected; however, a shift in V o may be attributed to a change in the timescale of the dissipation process, a change in the lengthscale over which dissipation occurs, or both in the event of a completely different dissipation mechanism.
For adhesive dominated friction, the critical velocity, according to Chernyak and Leonov, If dissipation through segmental relaxation is considered, the segmental length of PDMS (0.6 nm) combined with the friction peak velocities in Figure 4 , gives characteristic times of 10 -7 and 10 -8 s, for the SAM and PS surfaces, respectively. These times are considerably larger than the viscous relaxation time (10 -11 s) of dimethylsiloxane monomer; 50 however, the relaxation dynamics in crosslinked PDMS occur on different time scales. The fast mode that follows from the Rouse-like dynamics of chain segments between entanglements occurs on a time scale of 10 -9 s at room temperature. 51 On the other hand, the slow mode translational dynamics of crosslink junctions through the polymer network occurs at 10 -7 s, independent of molecular weight. 51 The correspondence of the PDMS friction peak velocity with the slow mode dynamics suggests dissipation through crosslink motion. Interestingly, junction fluctuation theories predict that the mobility of crosslink junctions is of crucial importance in determining the modulus of the network. 51 The dissipation picture is still not complete. The shift in the friction peak velocity due to the surface energy of the opposing SAM or PS surfaces implies a significant adhesive contribution. By the superposition of friction-rate isotherms (T > T g = -130 o C), Vorvolakos and Chaudhury 21 were able to estimate Arrhenius activation energies of 25 and 27 kJ/mol for dissipation on the SAM and PS surfaces, respectively. While the activation energies did not differ substantially, the pre-exponential factors varied by one order of magnitude, from 10 -12 to 10 -11 for the SAM and PS surfaces, respectively. The activation energies are considerably higher than that for the bulk viscosity of PDMS (16 kJ/mol), which suggest that the potential barrier overcome during the course of frictional sliding may be modified by the adhesive interactions. However, fluorescent probe reorientation measurements in PDMS have revealed activation energies of 20-28 kJ/mol for both the fast and slow relaxation modes. 52 The barrier enhancement relative to the bulk viscosity was attributed to the unique nature of the silicon-oxygen backbone, which results in a local mobility that is quite distinct from the long-range chain dynamics. Thus, the observed barrier height during frictional sliding is sufficient to activate viscoelastic relaxation in the PDMS elastomer, presumably the slow mode associated with crosslink mobility. For this case, the adhesive contribution appears, not strictly in the barrier height, but in the barrier jump attempt frequency, i.e. in the exponential pre-factor in the Arrhenius equation. This suggests that the intrinsic chemical interactions at the contact interface dictate the lifetime of the bound state at rest, i.e. τ o in equation 2, for adhesive debonding.
Outlook and Closing Remarks
We have discussed the molecular origins of elastomeric friction in the light of two different processes: interfacial adhesion and internal friction. Various studies have highlighted the importance of both processes; however, a unified picture that accurately accounts for both has yet to evolve. On the molecular scale bulk rheological constructs like viscosity and modulus are insufficient to capture the interfacial molecular dynamics. Both processes are rate dependent, and both can be described by Eyring's activation model. While most studies have focused on one or the other aspect, it is unlikely that the two processes are mutually independent. A more realistic picture considers the competition between the two. Resolution of the debate is likely to unfold by considering the energetic signatures of each process. We should ask what potential barrier is higher, adhesive bonding-debonding, or internal molecular relaxation of the stressed elastomer. If interfacial adhesion dominates internal cohesion, sliding asperities are apt to be coated with a molecular layer of the elastomer, forming a sliding plane within the bulk elastomer and yielding frictional properties related to the bulk material properties. On the other hand, if internal cohesion dominates interfacial adhesion, like in many rigid materials within limits of plastic yield, the frictional outcome is likely to reflect the interfacial interactions.
As we move into the new millennium, precise understanding of the frictional process is necessary for the development of advanced materials. A refined understanding of molecular friction is critical to emerging nanotechnologies, e.g., nano-electromechanical systems (NEMS) 39, 53 and biomaterials. [54] [55] [56] On this scale, all transport processes depend on the degrees of freedom available to molecular motion.
